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NOTICES

Cisclaimers

The findings in this report sre not to be construed as an officia:
Department of the Army position, unless so designated by other
authorized documents.

The citation of trade names and names of manufacturers in this

report is not to be construed as official Government indorsement
or approval of commercial products or services referenced herein,

Disposition

Destroy this report when it is no longer needed. Do not return it
to the originator.
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! velation which ‘< nearly independent of droplct size distribution, in agree-
! ment with recert ra'citated results and predictions. Liquid water content

i varied from 0.01 to 3.3 gm/m”, and droplet size distributrons with single mode - Y

FORM i i
DD s JAN T3 1473 EMMTION OF * MOV $815 ¢Sy ¢« TE

.

LECURITY Lo ASSIFICATION OF THIS GAGE (Wivar Date Entered)

/




SECYRITY CLASSIFICATION OF THIS PAGE(When Data Entered)

- ———

20. ABSTRACT (cont)

and bimodal differential extinction coefficient curves {extinction coefficient
as a function of droplet size) were included. The spectral variation of
extinction coefficient between 9.2.m and 10.8um was also measured. The
results are in good agreement wit- the variation calculated for typical
droplet size distributions.
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INTRODUCTION

An understanding of the effects of atmospheric constituents on the effective-
ness of Army electro-optical systems, both actual and proposed, requires a
basic understanding of relationships between propagation and meteorological or
other source parameters.

This report describes simultaneous but independent measurements of the extinc-
tion coefficient due to various size distributions of water aerosols and the
mass density of the water aerosol distributions. The tliquid water content
(LWC) measurements were made with two recently developed systems which are
described in detail in Bruce et al.! The results are in general aqgreement
with calculated results of Pinnick et al? based on measured fog droplet size
distributions and give further verification tc Chy‘.ek's3 prediction of a
unique linear relation between extinction at approximately ilum anc LWC of
fogs for all size distributions with maximum particle radii less than or
aoproximately equa! to l4um,

EXPERIMENTAL APPROACH

The measurements were made in an environmental chamber having a volume of
approximately 1 cubic meter. Water droplets werc generated within the cham-
bev, and minimum stirring was used to ensure uniform spatial distribution of

the particles.

Figure 1 is a diagram of the optical system used in the extinction coefficient
measurements. The (nhalf power) diameter of the laser beam is approximately
1 ¢m in the measurement region. Early measurements made with a larger
diameter {x 3) beam did not significantly improve the steadiness of the
transmitted signal. The laser path through the chamber is in the vertical
direction with a total length of 1.79 m. Warm dry air in the form of a thin
sheet is blown across the (exterior) mirrors at the top and bottom of the
chamber to orevent accumulation of water droplets on the mirror surfaces. A
sampl» of the input beam s monitored by a reference power meter.
Calculations and parametric measurements have been used to determine the
attenuation necessary to prevent significant heating and evaporation of the
water droplets. A mirror is r~otated into the beam path to direct the beam to
a spectrum analyzer during tining of the laser.

Ic. W. Bruce, R. J. Brewer, and H. Burket, A System for Measurement of Liquid
Water Content, to be published as an ERADCOM report

2R. G. Pinnick, S. G. Jenmings, P. Chylek, and J. H. Auvermann, 1979,
"Verification of a Linear Relation Between IR Extinction, Absorption and
Liquid Water Content of Fogs," J Atmns Sci, 37:1577-1586

p. Chylek, 1978, "Extinction and Liquid Water Content of Fogs,” J Atmos Sci,
35:296-300
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Sampling throats for the LW( measuring systems are 'ocated approximately ir
the lower center of the chamber. Samnling i at a rate of 10 to 15 liters per
minute. The sampling throat of a commercial light scattering counter oxterns
through one side o° the o' ~mper ¢~ & point close to the extinction path ars
the LWC sampliag throats. This inst-ument is used to monitor the droplet cize
distributions and, through these, the contributions of different size parti-
cles to the extinction coefficient (differential extinction coefficient;.

PREL IMINARY EXPERIMENTS

Although the measurement systens used in this study are relativels “7r-

several extensive preliminagry (rvestigations were conducted o ey
existence of aporopriate expe~ menta operating conditions.

The first of these ‘rvestigaticns “nvolved the commercial “nstrument +veq *-

monitor the narticle gize 7 <i-7h “igpc--z Particle Meisuring Lystems M
classice” scattering aevage’ ~neccr ometar.  This ingiroment g tengitige v
water dronleots witr wadis om0t SHum.

This instrument count~ narfiiiac nt 4 €forant sizes by pulse ne -

of laser lignt [J.cl.m! s.oztterac o single particles “nto 2 part o g

angle. Jeterminatisn 07 va~t":Te 3tze s indirect beciaus. the L catter oo
depends on particle refractive mooe and on the geometry of *oe gotical vt
tem.

N

The instrument used in tnic Lnycy w15 checked to he sure that particloc wore
counted “n the corrett size rince hanne’s.  Single-size rnearly *transnarent
neads were used for cnanne’ s (ountng particles with radii up <o abous &
and calibrated bdead mistures were Lsed for chinnels counting partic’es wite
radii between 4um and lo.m.  Tartille counting efficiency was not masayrer.
The results from *tne studics with mixed head sizes indicate that courtino
efficiency was relatively Lonstent for g1l charnels since the curves ohtainer
with calibratad bead mixtures na’ %t1e correct shapes for the size mictures
used.

2are must be exercized o 1imi*t *ha density of aerosol sampled by the counter
since count’ng is hased orn the 1issumption of sirgle scattering by individua®
varticiec and 475t rtian of resylts may occur at hiah count rates. A variety
0f AT tegr fect sgec 3as triad e owhich droplet-free air was mixed with the
Arnplas  mamria gr-ean sream o tee coamber in the inlet throat of the PMy
Caunter. Lare war Lavon to o meo o mize cisturbance of the flow character. The
eyt Aantaimes adf ata that e of these techniques extended the nrumber
densiy r~ange of the fastrument by a factor of about 3, but that further
Aitutton caused Aefint e ciqtortion of the differential extinction curves.
The differentia’ extinction curves were used only in a relative sense; that
15, the <hape of the curve and the particle radius, rps at which peak extinc-
tion occurred were used as characteristic parameters of the chamber droplet
distributions since an absolute calibration was not available to relate 3
measured size distribution to actual extinction coefficients and LWC.
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The second of these preliminary studies was an investigation ot the conditions
for generation of droplet size distributions and differential extinction
profiles within the ranges found in naturally occurring ‘ight to heavy fogs.
Differential extinction profiles show the contribution to extinction of parti-
cles with radii in relatively small size ranges. Peak extinction for fogs
normally occurs in the particle radius range of 2,m to 10um. No attempt was
made to specifically tailor size distributions tc be representative of any
particular type of fog but rather to span typical fog droplet sizes. Maximum
droplet size was approximately 16ym to permit accurate monitoring of the size
distributions by the PMS spectrometer.

Commercially available "cool mist vaporizers” were used to generate droplet
distritutions which had¢ moromodal differential extinction curves. The radius
of peak extinction, r,. couid be veried from about 8,r to 14,m by using a
variety of threttling "and impaction techniques. A stable mcde of operation
with peak extinction at particie radii of 10um % 1,m was finally used. Con-
densation droplet distributions were produced by introducing cold gaseous
nitrogen into the saturated vapor of the chamber. These distributions are
rharacterized by rclatively narrow, monomodal differential extinction curves
with peak extinction for droplet radii of 4um - lum. Both types of droplet
distr'yutions were generated with densities ranging from abcut C.01 to
4.0 gm/mi. The chape and peak position of the differzntial extinction curves
were not particularly sensitive to variation of the J roplet number density.
Typical differestial extinction curves are shown in figurc €.

A study of the spatial uniformity of the droplet distributions was made by
varying the location of the droplet generators and using several stirring
mechanisms. Most of the mixing results from the circulation caused hy the
droplet generators. A small fan with specially tailored blades provides the
«mal? additional circulation (in the form of a donut within the chamber)
required to obtain spatially uniform distributions.

The last of the preliminary studies involved characterization of two new
sensing systems which give real-time measurements of LWC. These instruments
and their characterization will be reported in detail elsewhere.! Only a sum-
mary will be given here.

One syc<tem involves a mass accumulation techrnique in which droplets are col-
lected on a three-dimensional filter consisting of layers of flannel on a
screen base. If the accumulated mass is measured and divided by the sampling
time and the volume flow rate through the filter, an absolute measurement of
LWC s obtained in units of mass density. The three-dimensional filter is
critical to successful measurements since water droplets would clog a two-
dimensional filter and lead to inaccurate sampling. Sampling times between
15 s and 4 min were used for light and heavy mass density droplet distribu-
tions and have yielded reproducible results.

IC. W. Bruce, R. J. Brewer, and H. Burket, A System for Measurement of Liquid
Water Content, tc he published as an ZRADCOM report




Caution is necessary in this measurement to apply a time-dependent correction
factor which resu'ts from quite rapid initial absorption of water by the v
filter fibers. This effert actia’ly represents equilibration of the €'3rre’
to the relative humidity o the o hamber. Since thts effect is rapid anc
reproducible, the necessary correction is straightforward. Mass collection
was studied to determine an adequate number of layers of flannel,

For the environmental chamber measurements, filters are preweighed ir c<egler
containers, inserted into a sampiing throat with O-ring seals, ang rep are
their original) container for o0ost <ampling weighing. They are tnen dricd wi—
a stream of ambient air for Tater use. A similar but reai-t me vt 7
porated inte a top 'oading elect-ar’s balance s also uysed,

The second LWC measurement sys*texm yses a differentiatl sampling techr ~o
phase-sensitive detection. Tae syv<tem has two sampling throats. 7 00 oo
is vertical and unobstructed, and the flow through it contains hoth vaoer 3¢
water droplets; the other throat _ontains a series of flannel fi'vers «. o
offset Oﬂenings which create free--""w conditions through a tortioy et

that the resuiting sample ~on*a’ns only vapor. A rotating hna < 4 ... - "o -
nately selects samples from the <we “hreoats and permits them to fow v - )
heated woven wire gric which svacorates the dropliets.  Tho wirs gianel - o

chosen to be much ‘targer than the water droplets %0 provide & aor o'
efficiency. Fvanoratizn of watne from the grid causes cooling and 1 net ..

the grid res g*ance. Tnis change resdlt ‘ﬂ ar approximately Tinear o+ o

the voltage appiied acrose Sre oric Jy o uonsiant current Sowor T
reference signal for a lock-ir amp ~“ier is obta.ned from the Throieg
half disc, ana *the synchronous vo -age change across the g@id "5 ooo:
The resulting signal has hHeer s75«~ to he proportional to the tctsy’

density measurec with the Tilter system in a serfes of measurement. .ov .
wide range of enviranmenta® <hamhber conditions. Singie and multipte cayen
grids have bSee- jsod, and np s 3777 ant difference in resd s was fo .

The mass collection i(filter: system is uysed to establish the caiibralior o
the differential system. “or these measurements, the system has deen used asg
a continuing check on the calidration; but the stahility of the differeriia’
system is sufficier* that such mgn *oring is not actually nzcessary.

EXPERIMENTAL PROCEDURES

Mcet of the extinc*ion coefficient measurements in this study were made with
the laser tuned to the 10.m #-'f C0z transition iine at a wavelength of
10.27.m.  Sowever, several =zets of spectral scans of both the %um and l.um R
and * nangs oF L, were made. The laser beam power was monitored continu-
ous'y, nrior t¢ ‘tne input mirror for the fog chamber (sampled by a beam
splitteri and after it Teft the chamber. The length of the path within the
chamber was 1,79 m,

Ontical alignment and laser line stability were periodically checked and no
problems were encountered. The power meters and the differential LWC system
were stabilized, and baselines were established on the chart recorders used
for data co??ect?on.




The droplet generators were then turned on, and the chamber was brought to a
droplet equilibrium condition which was characterized by constant values for
both transmitted laser power and differential LWC signals. After recording
these values, the droplet generators were turned off, and the chamber was
again allowed to reach an equilibrium w'th only vapor present. This procedure
establishes a baseline for the measurement of changes in transmicsion of laser
power due to dropliets only.

The droplet generators were again turned on; and after equilibrium conditions
were reached, a set of three filter measurements of LWC was made. PMS counter
measurements were then made, and the droplet generators were turned off.
After a settling time to return to vapor-only conditinns, the same measurement
process was repeated with a different power suonlied {by use of a Variac) tc
the droplet generators. Variac settings betweer 60 and 100 percent were used
to nrovida a variety of droplet numher densities. Size distributions and the
shape and poasition (r_ = 10um + I,m} of tae differential extinction coeffi-
cient curves remained almost constant for all simiiar sets of experiments.

tiffarent dronlet size mistrihytiors were cbtained by following the above
orocedure for estadblishing vapor saturatic~ as weil as equilibrium droplet
conditions and then introducing c2o0ld nitrogen gas into the center of the
chamber. After an initial mixing pericd of about 1 min, chamber conditions
became essentially uniform: then both the transmitted laser power and differ-
ential LWC signals decayecd [cver a period of & to 10 min) back to those repre-
sentative of ambient temperature conditions.

For some of these condensation droplet measurements, the droplet gererators
were turned off before the cold nitrogen was introduced. linder these condi-
tions, the position of "o for the differential extinction coefficient curves
was at about 4m + 1,m,

When the dreoplet generators continued operation, the position of r_ either
occurred at an intermediate position or the size distribution was bimodal with
a variety of shapes and the two peak extinction positions within the range of
4.m to 10,.m,

Since chamber conditions varied with time for these condensation experiments,
the LWC filter measurements were made only under the original equiiibrium
conditions to establish a calipration value for the differential LWC measure-
ment.

The PMS counter measurements also required a special procedure. Since the
counter significantly depleted the chamber's contents, size distributions were
measured on alternate measurement setz for repeated conditions. There was an
equilibration pericd when the counter was first turned on. The data for this
period {about 3 s) were discarded. Then, several valid 2 s samplinag sets of
data were obtained.

The spectral variation of extinction was al<o measured. Two types of experi-
ments were performed. In the first the specially modified laser was operated
in a scanning mode. In this mode the laser can be scanned through the 9,m R
and © bands and then, with a minor adjustment, through the 10,m R and P
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bands. A complete scan of these hands takes approximately 1 h.  These datae
were somewhat noisy so another experimenta! urocedure was also used.

The second set of spectre’ daza wat gbtained by manually tuning the laser to
four separate spectral Yines n each of the four bands and measuring the
extinction. “he lines used {10, -, 24, and 30) were chosen toc be fairly
evenly distributed across each band. Data were taken by using the samwe ger.
eral procedures as those used in <no other experiments, with droplet grrer:-
tion conditions typical of those wni - n produced ditferential extiaction ey
at approximately 10Q.um.

Environmental chamber conditions -~ -nese spectral scans were toe same w5 v
conditions far equilinw . m arap » eraration ror the deteiied (.o P
ments. No condersa®? r groc ot ¢Fnr dbuthons were CThTuges 5 nle e .
unstable, and ins exps-imens wou' * ne time-consuming ingd aiffioTeof '
pret.

The measurer rolatianghin hetwest “ne extinciign Coetficienl a3 .
the LWAC of envirom:enta chamer o oiet ¢istriZu®ions s shown 0 1o
through 3c.

Fach type 0of size “igtvipu=ine tapply shows o Tinear relanior “otwe.  ©
measures quantities. The et Sotween  thom chows  Some yEvT ot w0
function of tne Adropet HotridLt 0 generatian nechanieorn: tre 7o -
mechanically gener:ted dictvibgt {(f.gure 3a) s 152 k=7-/ oo Cv
condensation droplet gistrinuziore - Yigure 3b) 158 ki :/fam/mil, oanc ¢ v
combination of ais=sinyutione it 3¢ LEE amTe{ga/mil aithougn 1t ool
oresumably vary anywners hetweor 0o ther two values.

However, the data for a'' o7 -=ne dictributions may be combinea *o yielc 2
Tiqear relation with a slope of o4 xm™+/(gm/m?> with a combined experimenta’

errgr 2F 12 km™-lgm/m’ Y or @ percaent,

Tho DMS counter measurements of tha size distributions were used in a3 Mie
scatteving oraavam -3loy’ation of LWC and extinction coefficient fusing a
previously meacyrerd yalyoe for the complex index of refraction for water 3t
this wave'lergth py Ha.e et al-i.  “he ratio of the ca'culated quantities of
ok = LowmT igmdw agrees witnin the experimental error with that of the

measures < open. a4 sareement was true even thaugh the calculated values of
tha oyt a0 caedFacients and LAC were close to the measured values for one
counter sed hyt wore yery Aifferant for angther similar unit.

Figure 4 is a comparison cf the average measured extinction for each spectral
band with the values calculated from measured droplet size distributions.

*G. M. Hale and M. R. Querry, 1973, "Optical Constants of Water in the 200-nm
to 20um Wavelength Region," Appl Opt, 12:555-563
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Averages of both sets of measurements are shown, with the 2MS data spread
shown for the data set obtained by manual'y tuning the laser. The data taken
with automatic tuning have a larger spread. Some »f the lines measvred in
this mode of operation were not included in the band averages. These averages
were chosen by plotting measured power for all lines ir a band and discarding
points which did not fall close to a Boltzmann-like profile. Approximately
six lines (38 percent of total) were included in each average. The measured
averages are plotted at the median wavelength for the lines used.

Two sets of calculated extinction coefficients are shown. These sets give the
calculated spectral depencence of the ex:inction coefficient for typical
droplet distributions with primarily large a»d small droolet sizes. The peak
differential extinction coefficients occurrec at approximately 8.2%.m and 4.2um
for the droplet distribytions used.

A1) data have heen scated o aqree 3l 10.3um sirce the other measurements
reparted here show “hat the extinction coeffilient s independent of dronlet
s5ize dist~ipu*ic~ and linearly cependent an LWC a*t that wavelength,

CONCLUSIONS

Measurements have been made of the extinction coefficient at 10.2/um and,
‘ndeperdently, of the LWC of a large number of environmental chamber droplet
size distributions with radii spanning those of a variety of fogs. A linear
relation has been found which is approximately independent of the size dis-
trioution. The measured ratio of extinction coefficient to LWl s
159 km™ /(am/m?).

These results are in good agreement with the Tlinear relation predicted by
Chviek® and caicu'ated by Pinnick et alc at itium based on size distribution
measdrements of fogs and hazes.

Mpacnrements of the spectral dependencs of the extinction coefficient !between
9.7:m and 19.8um! have heen made and are in good agreement with the denendence
calculated for two tynica: droplet size distributions,

Systems for the measurement of LWC under field conditions have been developed
from those used in this study anc were used in the Meppen 82 “ield tests.

The results obtained from the experiments reported here suggest that it would
be possible o use measurements of LWC to predict performance in fogs and
hazes of EO systems operating in the 10um atmospheric window.

P, Chylek, 1978, "txtinction and Liquid Water Content of Fogs," J Atmos Sci.
35:296-300

R. 5. Pinnick, S. 6. Jennings, P. Ch&lek, and J. H. Auvermann, 1979,
"“Verification of a linear Relation Between IR Extinction, Absorption and
Liquid Water Content of Fogs," J A*mos Sci., 37:1577-1580
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(b) Condensation droplet size distributions.
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(c) Droplet distributions generated by combinations of the
mechanical and condensation techn®ques.

Figure 3. Extinction coefficients as functions of liquid water
content for mechanically generated, condensation, and
combination droplet size distributions.
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Figure 4, Measured and calculated extinction coefficients. The measured data

points are averages for the spectral band plotted at the median wave-
tength for the lines used. The RMS data spread is indicated for the
manually tuned measurement set (®). The data spread for the auto-
matically scanned measurements (V) is of the same order of magnitude.
The calculations are for typical droplet size distributions with peak
differential extinction at droplet radii ) of approximately 8.8um (0O)
and 4.5m (X).
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